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PREFACE. 



** The Fatigue of Metals " is the name which 
has been given to the effect produced by oft- 
repeated impacts or strains. 

Spangenberg's experiments, an account of 
which, translated for Van Nobtrand's Mag- 
azine, is given in the following treatise, were, 
as will be seen, in continuation of Woehler's. 
The results of these very important experiments 
have been before the profession for some years, 
but, strange to say, seem to have attracted no 
attention ; and tests of iron and steel still go 
on for the purpose of determining their elastic- 
ity, their elongation under strain, their ultimate 
strength and other qualities, while Wohler 
and Spangenberg's experiments show that it is 
very doubtful that these bear any proportion to 
the durability of the metals. 

These experiments prove that there is a limit 
of strain within which iron is practically inde- 
structible, and that that limit is but little over 



30,000 lbs. per square inch for the best iron. 
If, as in some of the braces of the Warren truss, 
and other forms, there is both tension and com- 
pression at different times, the limit is the sum 
of the two strains. They further show the 
dangerous character of truss work when there 
is ambiguity of strains. It is to be hoped that 
the translation of Spangenberg's book will ex- 
cite sufficient interest to lead to a continuation 
of these experiments in this country. 

S. H. SHREVE. 

New York, May, 1876. 



THE 



FATIGUE OF METALS. 



In vols. X., Xm., XVI. and XX. of 

the Zeitschrift f. Bauwesen are publish- 
ed the experiments of A. Wohler upon 
the strength of iron and steel, with a 
description of the apparatus used, a 
statement of his views of the laws, and 
a mathematical comparison of the differ- 
ent kinds of resistance. Wohler, in- 
duced by the novelty of the results ob- 
tained, requested the Industrial Bureau 
to authorize the repetition of his experi- 
ments. At the suggestion of Prof. Reu- 
leaux, the writer was intrusted with the 
investigation. 

We quote the laws deduced by Wohler, 
and give a brief account of his processes. 
He says : 

" Rupture of material may be caused 
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by repeated vibrations, none of which at- 
tain the absolute breaking limit." 

"The differences of the limiting 
strains are sufficient for the rupture of 
the material." 

Assuming the lower limit of tension 
at zero, it follows from this law that the 
number of repeated strains necessary 
for rupture is inversely propcnliional to 
the greatest tension borne by the fibres 
which are subject to greatest strain. 

Wohler's apparatus was of four kinds: 

(1) For rupture by repeated load. 

(2) For repeated bending in one direc- 
tion of prismatic rods. 

(3) For experiments on loaded rods 
under constant bending strain. 

(4) For torsion by repeated load 

(strain). 

The power was transmitted by a shaft 
to (1),. (2) and (4) by means of an eccen- 
tric ; to (3) by a drum on a steel shaft 
having ends with conical bores, into 



which the piece subjected to torBion was 
fastesed with an apparatus of screws. 

Apparstas (2) is ijiown in the diagram 
(Kg. 1). 

The rod to be tested rests upon the 
sapports a and «, which are connected 
with the link pieces a Ö and 6e, &,; the 
latter taming at A, in the oast iron block 
c ; the first being attached to the short 
Pia. 1. 



arm of the lever ö e. The spring dy- 
nanometer J] which can be stretched 
within certain limits by screws at ff 
and A, prevents the long arm from ris- 
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ing when the short is loaded. The 
strain is applied by means of the ec- 
centric-rod i. This is connected with 
the lever Iniy whose fulcrum is at Ä; ; so 
that when the rod rises the end m de- 
scendsy and transmits a bending strain 
through mn to the rod V, then to b and 
b. Six of these machines are set $ipon 
the beds O and O ; so as to be operated 
by the same rod i. If each of the six 
test rods is to be subjected to maximum 
strain, the dynanometer f operates as 
follows : 

Let S'=the required maximum tension 
per square unit. 

^=the width of the test-rod. 

Ä=the depth of the test-rod. 

P=the required strain at the mid- 
dle ; then we have 
p_4g 6 A' 
6 I 

This force is borne equally at a and a,, 
p 
so that — at b acts downward, and is 
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balanced by the tension Sof the dynanom- 
eter and the excess of weight of the rod 
de. If H is the weight of the lever re- 
duced to the point Ä, then -^-7=— 

^ ' ah n 

And S=^— n. 

As long as the strain 7c on mn is less 
than P, the point a must be regarded as 
fixed, and the rod V bends ; but when k 
is greater than P, the point b yields, 
and while the rod is under bending 
strain there is a rotation of V about a„ 
which is shown at the end of the lever 
e. 

The rod m n has at the top a stirrup 
through which passes the rod to be test- 
ed ; and at the lower end is a slot in 
which is fixed a pin attached to the lever 
1 7n, so that when the rod i rises a down- 
ward pull is caused 5 but when it de- 
scends the rod is set free and is restored 
by its own elasticity to its first position. 
In the middle of the rod m n is a screw 
with a nut to adjust the length, so that 
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only for a moment before the point n 
reaches its lowest position, does the 
point a descend. The tension is there- 
fore maintained for a very short time. 

If the tension is to be restored, not to 
zero, but to some minimum value, the 
screw q is set down so as to keep the rod 
bent the required amount. 

In a similar way the limiting strains in 
apparatus (1) and (4) are determined, 
while in (3) the constant deflection of the 
rod is produced by a spring dynanometer 
/ (Fig. 2). 

In torsion each fibre, except those lying 
in the neutral plane, was subjected first 
to compression, then to tension. 

Wöhler, after testing a metal to the 
limits of elasticity and rupture in the 
ordinary way, had rods made of the 
same metal, and subjected the first test" 
rod of each set to a tension nearly 
equal to the absolute rupturing strain. 
Each successive rod of the same set of 
experiments was subjected to a dimin- 
ished strain. It appeared that the num- 
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ber of- strains required for rupture in- 
creased much more rapidly than the 
strains diminished. 

Diminish the intensity of the Istrains 
until the number is reached which a 
member of any structure, subjected to 
repeated stresses, may bear before 
becoming crippled, and introduce a 

safety factor - (which Wöhler makes ^) 

and we have the value of the permissible 
strain. The prcLCtical proof strain is thus 
directly determined. 

Wöhler found that a rod of Krupp's 
cast steel, under a maximum tension of 
300 Ctr.* per square inch (German), was 
broken in apparatus (3) after 45,000,000 
revolutions. If this metal were used in 
an axle which had to make 30,000 rota- 
tions per day, or 9,000,000 per year; 
then for five years' duration (with co- 
efficient J), the permissible working strain 
would be 150 Ctr. per square inch. 

*A Centner is abont 110.2 lbs. Bng. The German 
square inch is equal to 1.0603 Esrg, square inches. 
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Another experiment showed that a rod 
of Phoenix iron after a maximum strain 
of 160 Ctr. per square inch after 132,- 
250,000 revolutions was still in working 
condition. Wohler concludes that the 
working strength of iron suffering altern- 
ate compression and tension is 80 Ctr. 
per square inch, for a structure intended 
to be permanent. 

Numerous experiments establish Woh- 
ler's second deduction that : 

Differences of strains at the extremes 
of vibration are a sufficient cause of rup- 
ture of continuity ; and the absolute 
magnitude of extreme strain is effective 
only in this respect, — that as the strain 
increases the differences which are suffi- 
cient to cause rupture become less. 

The experiments show that vibrations 
may take place between the following 
limits with equal security against rup- 
ture by tearing or crushing. 

bet. + 160 Ctr. and — 160 Ctr. 

Iron \ bet. -h 300 Ctr. and — Ctr. 

bet. 4- 440 Ctr. and -h 240 Ctr. 

Strain per square inch. 



not 
hardened. 
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Axle ( bet. + 280 Ctr. and — 280 Ctr. 
Steel < bet. + 480 Ctr. and Ctr. 
Cast. ( bet. + 800 Ctr. and + 350 Ctr. 

Strain per square inch. 

Spring r bet. + 500 Ctr. & Ctr. 

Steel J bet. + 700 Ctr.ifc + 250 Ctr. 

' bet. + 800 Ctr. & + 400 Ctr. 

^ bet. + 900 Ctr.& + 600 Ctr. 

Strain per square inch. 

And for shearing resistance : 

Axle Steel j bet. + 220 Ctr.& - 220 Ctr. ) 
Cast. ( bet. + 380 Ctr.& Ctr. j 

Shearing stress per square inch. 

Pieces which are subjected to alternate 
pull and thrust, as piston rods, &c., must 
be about 9 to 5 stronger than those bear- 
ing but one kind of stress. 

In the Zeitchr, f. Bauw, for 18 TO, p. 
87, Wohler says : 

" The results of the experiments give 
the following permissible working strains 
for permanent structures : — («) For 
forge iron strained in both directions 
80 Ctr. per square inch ; in one direc- 
tion, 180 Ctr. per square inch, of which 
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150 Ctr. at the most may be due to 
the variable load. 

" If the constant strain is less than 30 
Ctr., the permissible working strain is 
diminished. 

" (b) For cast steel not hardened, 
strained in both directions, 120 Ctr. per 
square inch ; strained in one direction, 
greatest total strain 330 Ctr. per square 
inch, of which 220 Ctr. at most may be 
due to the variable stress. (The figures 
apply only to dressed rods.)" 

Having given an account of the nature 
and results of Wohler's experiments and 
of his conclusions, we now pass to our 
own experiments. 

Tables I. and IV. contain the results 
of our experiments on round and square 
iron from the firm of Raven^ & Sons, of 
Westphalia. Table IV. shows a fair 
agreement with Wohler's Table V. ; but 
the tests stop at 360 Ctr., because in 
Wohler's experiments strains of 320 and 
300 Ctr. did not break rods of Phcpnix 
iron. 
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The appearances of the rupture sur- 
faces of iron led us to conjecture that 
the molecular structure was affected by- 
repeated strains. Desiring to make 
comparison in this respect with a more 
homogeneous metal, we subjected to 
tests Firth & Sons' Sheffield steel. The 
results are given in Tables II. and V., 
and are compared with Wohler's Tables 
XI., VII. a and VII. b. 

In November, 1872, we tested the 
Phosphorbronze of Künzel from Hoper's 
Works at Iserlohn. At the same time 
tests were made of common bronze from 
the Neptune Continental Works. The 
results are given in Tables HE., VI. and 
IX. 

In 1873, we received 52 cast steel 
bars from Krupp, cut by him from a lo- 
comotive axle ; the results of experi- 
ments on these are given in Tables II. 
and VIII. 

Few experiments could be made with 
Machine IV., because but one bar could 
be tested at one time. But the results 
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are worth recording (Table IX.), because 
they indicate a valuable property of 
phosphorbronze. 

The diagrams annexed correspond to 
the tables. With regard to his Table I., 
Wohler says : — " The number of rota- 
tions before rupture increases inversely 
as the strain. The irregularities, which 
must be attributed to the want of homo- 
geneity of material, are so great that no 
certain law can be derived from this set. 
The deviation is greatest at 220 Ctr. 
Ignoring this case, it appears that the 
number of rotations increase more rapid- 
ly in geometric progression than do the 
loads in arithmetical. With the greatest 
strain the number of rotations doubled 
for a difference in load of 24 Ctr. ; and 
it doubled with the lowest strain for a 
difference of 10 Ctr." 

To make this clear. Fig. 6 is drawn, in 
which the strains are laid off as abscissae, 
and the number of rotations before rup- 
ture as ordinate 8. This may be easily 
represented as a curve by leaving out the 
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uncertain point u (220), and connecting 
the extremity of the ordinate of 240 with 
that of 200. It is not necessary to re* 
gard the point u as taken too high ; for 
although u^ would be too low, still 
we should have a curve agreeing with 
Fig. 10. Finally, u may be regarded as a 
reversion-point, the curve having a form 
agreeing with that shown in Fig. 11. 
Which of these three hypotheses is most 
probable can be only determined by at 
least three complete sets of experiments 
with the same material ; Wohler having 
made but one set, except in particular 
cases of great doubt. As we shall often 
refer to these curves, we only remark 
here that the most interesting of the 
tables are illustrated in Figs. 1 to 9 on 
the diagram sheet. 

Table 11. contains Wohler's results 
showing the inequalities of Firth & Sons' 
tool steel ; which is a matter of sur- 
prise when it is known that the sections 
of rupture were homogeneous in appear- 
ance. We attribute the fact to the pres- 
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ence of a large percentage of carbon ; 
the steel being intended for tools, not 
for axles. For this reason we have not 
subjected it to continued torsion. 

A decided difference in hardness ap* 
peared in rods 3 and 4 ; so that the re- 
mainder were heated dull-red, and were 
cooled slowly under warm ashes, so 
that the hardness was made more uni- 
form without affecting the strength. 

Tables III. and IV. show that Kunzel's 
phosphorbronze has much more strength 
than common bronze and brass. Wrought, 
i. e. cold-beaten phosphorbronze does not 
seem to have much greater strength than 
that which is cast. Wrought phosphor- 
bronze shows a very rough, irregular frac- 
ture, while the cast breaks with a surface 
like that of cast-steel, indicating homoge- 
neity of material. In this respect, com- 
mon bronze and brass more resemble iron. 
Brass is hardly on equal terms with 
phosphorbronze in respect to absolute 
strength ; there is a closer equality in 
respect to bending. With axial strain, 
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common bronze and brass broke at 200 
and 150 Ctr. maximum fibre tension 
when the tension rod was shortened ; 
but under transverse load with equal 
maximum tension, they bore millions of 
stresses. It is obvious that it is not safe 
to infer that the behavior of a metal will 
be the same under different kinds of 
strain. Hence, we cannot agree with 
Wohler that it is sufficient to make ex- 
periments in one kind and deduce results 
for others. 

Table IX. confirms our opinion. Com- 
parison of Tables III. with I. and II. 
shows that phosphorbronze under 250 
Ctr. does not bear as many extensions 
as Phoenix or Westphalia iron under 400 
Ctr. and steel under 600 Ctr. Compar- 
ing Table VI. with Tables IV. and V., 
we observe that phosphorbronze at 200 
Ctr. tension does not bear as many bend- 
ing strains as Westphalia, Phoenix or 
Homog. Iron at 400 and steel at 500 
Ctr. The torsion tables show that phos- 
phorbronze has a greater resistance to 



26 






Eh 



0-! 



H 
u 

3 

o 



c» 



^9 



a, 



ajojaq sSai 
•pnaq jo o^i 



8?2 


8 


S 


§ 


00 <M 


lO 


"■Wl 


O 


"*♦< £> 


<M 


Oi 


O 


Ot-( 


1—1 


<M 


ca 


T-00 


CO 


t> 


Tj* 



o 






5 



QQ 



I—* 

Xi 

as 

H 



> mnuiixBxy 



BS 

O M 

• d 



^-i 



•airndni 
8if)j9q sSni 
pnaq jo -oji 



go 
o 

t>CO 



o 



I I 



o 
o 



JO 



o 



I I 



o o o o i^ ^* 

0OC«-*CQ 08S 

coooi>co?' » 

tHtHt-IIO o2 



Qi diBiibs 

J9d ni'Bj:)g 

uinmi'x'Bj\[ 



Ü 



0*0 o 
I iO CI d _ 
I lO »O lO »o 



o 
o 

lO 



00 






00 OQ 



•öm^diu 

9ioj9q sSni 

-paaq jo 'o^ 



^ o 

00 00 
'«I* '^ LO 



5 



o 
o 



L 

a» . 

2«a 



00'; 



P - 



s> 



ni diBnbs 

lad nivi)g 

uiiiinix«i\[ 

•0^ 



Ü 



»oo »o o 

t-iOOl I o 
iO io*o I iO 



»o 



ooo 



»o 



o 
»o 



o 



I I 



1 I 



I I I 



•4^ , 






o 



o 






W2 I 5 



4-» 

-ffl 



*9in)dai 

9J0J9q 83ui 
•pnaq jo oij 



ui aj-eabs • { 
jad uiBiigg ' 
tnmnixBj^ 



coco 

00 lO 

i—> CO 
00 CO 



I I 



00 

o 



oo 

00 
00 

»o 



*>— : 
CO 5co 

CO 



•OK 



JO o 
«>*o 

iOiO 



rH (?) 



I I 



lO 



o o 

lO IO 



' w 



»o 



00 



lO 



27 



CD 

Q 

< 

w 

tS3 
"A 

o 

pq 






03 


No. of bend 

ings before 

rupture. 


253100 

1934400 

Sound after 

5,6 Mil 


Max. St. 
No. per sq. 
' inch. 
Ctr. 


oo o 
ooo »o 

T-HCQ CO 


• 

o 

N 
fl 

s 

pq 

fl 

o 

a 

o 

Ü 


No. of bend- 

ings before 

rupture. 


102650 
151310 

837760 

{Sound after 

10,4 Mil. 


Max. St. 

per sq. 

inch. 

Ctr. 


oo o o 
ooo iO w 


No. 


T-(<M CO ^ 


Phosphorbronze. 


No. of bend- 

ings before 

rupture. 


862980 
8151811 

5075160 

Sound after 

10 Mil. 


Max. St. 

per sq. 

inch. 

Ctr. 


oo o o 

ooo U5 O^ 

<M i-t tH t-i 


o 


T-( (M CO '^ 



28 



torsion than Krupp's cast-steel of 1862 
and Westphalia iron. This result was so 
surprising that we interrupted Test 3 in 
order to substitute the new rod of Test 
4. Still we were in douht, and therefore 
substituted test No. 5. Both confirm- 
ed the previous results. Should further 
experiments give like results, then phos- 
phorbronze, which is little affected' by 
the action of sea water, ought to be em- 
ployed in the axles of propeller screws. 

The profiles of Fig. 5, correspond to 
Table YI. That of common bronze ap- 
pears most regular, showing the material 
to be of good quality. According to 
Dr. Künzel (Polyt. Centralblatt, Jan. 
1874,) when a phosphorbronze axle is 
heated to a low red heat a very soft 
alloy of tin and lead is melted out, 
leaving the axle hard and spongy. 
Perhaps in this phenomenon is to be 
found an explanation of the peculiar 
behavior of the metal in respect to 
torsion. 

Table IV. (divisions 1 and 2) is repre- 
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seated in Fig. 3. Both polygons agree 
fairly, leaving out of notice rod 1, whose 
deflection number is obviously too large. 

Fig. 4 corresponds to the first three 
divisions of Table Y. The profile of 
division 1, is very similar to Wohler's 
Table VII., to which we shall re^ur. 
Firth's steel seems to have a resistance 
of about 20 Ctr. less per square inch 
than the older cast steel of Krupp. 

Table VII. is represented in Fig. 6 
While the first two profiles indicate 
greater uniformity and strength of 
homogeneous iron than of Phoenix iron, 
we found that for spindle iron it was 
hardly possible to work out a profile in- 
eluding the points from w, to u^^. We 
went through with 3 sets of tests between 
280 and 340 Ctr., and through 2 sets 
with strains less than 280, taking differ- 
ences of 20 Ctr. We hoped to obtain a 
polygon agreeing with Fig. 10, by taking 
the arithmetical mean of 3 correspond- 
ing rotation numbers ; but were disap- 
pointed. The great difference in the 
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positions of the points corresponding to 
the same strain, is due not only to the 
want of homogeneity in the iron but also 
to errors in determining the number of 
rotations, caused by defects in machinery. 
After these were cured the following 
tests were made and accurately regis- 
tered : viz. the last 2.Y millions of 16, 17, 
18 and the last 2.3 millions of No. 16. 
We now give attention to the several 
points u which give a profile probably 
correct. 

The points u and u^ fairly agree ; but 
rod No. 3, under 340 Ctr. strain could 
not be counted, because of an accident 
that increased the strain by 8 Ctr. In 
Wohler's Table I. u^ and u^ may be re- 
jected, the first as too high, the second, 
as too low. Whether u^^ or u^^ is the 
more correct could not be determined by 
two experiments, but we have set u^^ 
nearer tf^^ and u^^. Hence the profile in 
Fig 6. 

In considering the possible errors, if 
the lowest points only are regarded the 
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profile 1^3, u^y u^^y w„ results which seems 
probably correct. But the question 
must be settled by experiment. 

Only the first two divisions of Table 
Vm. are represented in Fig. 1 ; the 
third showing too great differences, and 
the fourth not agreeing with the fore- 
going. 

Both profiles are similar, except that 
the one corresponding to Krupp's new 
steel is much higher than that of the 
old, showing an improvement in the 
manufacture. 

In No. 6 appears a more careful dia- 
gram of the experiments of Table VII., 
made with the hope of being able to de- 
duce the equations of the curves. This 
has not yet been accomplished. 

The experiments of Wohler were for 
the most part with the Phoenix axle iron 
and with tool steel and cast-spring steel. 
His tests of rails by torsion (having a 
special object in view) are not important 
because they are not subjected to that 
kind of strain. 
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In our attempt to collect the results of 
experiments, we received valuable infor- 
mation from a paper by Launbardt 
(Zeits, des Arch. -und Ing.-Ver. Zu Han- 
nover ISY^, Heft. n.). He gives the 
name of working resistance to that 
(greatest) amount of strain which is not 
sufficient to break the material after an 
indefinite number of applications; and of 
original resistance (ursprungsfestigkeit) 
to the amount when the material is al- 
lowed to return to a strainless condition, 
instead of to some minimum strain. He 
regards the working resistance (a) as a 
function of the breaking resistance {b\ 
the original resistance (w), or of the ratio 

S min. _Its own weight 

S max. "~ total load 
and employs the formula 

(Ö—U S min. \ 
u S max. / 
With reference to Wohler's results for 
cast steel 

tA/^ /i .öS min. \ ^. 
a=500 114- .:; I Ctr. per sq. m 

\ 5 8 max. / ^ ^ 
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And for wrought iron 

o/xr. /i . 5 S min. V 
\ 6 S max./ 

These formulas are of some practical 
value ; but they would be more trust- 
worthy if they had been derived by di- 
rect experiments on material for bridges. 

Wohler's experiments have required a 
period of 12 years ; and a time equally 
long would be necessary to ol^tain a 
complete set of parallel tests for bridge 
material, unless the curve equation for 
some material recognized as good could 
be obtained. It would then be necessary 
to try a few tests only of high strains 
upon any other metal in order to determ- 
ine with respect to quality, homogenei- 
ty and resistance. For example ; as- 
suming Fig 6 as such a "normal curve " 
the figure shows that the second polygon 
(Hom. iron) cori'esponds to a stronger 
material than does the first, since the 
latter at 240 Ctr. strain shows just as 
many rotations as the former at 210 Ctr, 
And it may be conjectured that the 
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working resistance of homogeneous iron 
is at least 190 Gtr., while that of Phoenix 
iron is 160 Ctr. K this is clear on a 
diagram to a very small scale, it would 
be more certain if the normal curve were 
known. 

Of course the number of rotations u, 
diminish when the strains increase and 
conversely. Hence we may assume 

u=f I ^ V Substituting in the formula 

y=A4-Baj4-Ca;*4-Daj'4-&c. 

u for y and s for x. 

we have 

A BCD 

w=A4--g+gr+gr + &c. 

If we close this series say at the 4th 
term, the co-efficients A, B, C, D can be 
determined by 4 experiments. If more 
experiments, say 8, 12 or 16, were made, 
then they would be determined with 
greater accuracy by the method of Least 
Squares; remembering that if S is infinite 
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w = and, therefore, A = 0. As the 
experiments show that u increases either 
in simple or quadratic ratio if S dimin- 
ishes arithmetically, at least 3 terms 
mast be taken, so that we have 

^_B C D 

S "^S* ^ s» 

If Newton's or Lagrange's formula of 
interpolation is used, it is better to make 

y=- and a; = S, giving the equation 

AS' + JS' + CS=-; because the suc- 

u 

cessive values of S can be taken with 
equal differences, so as to simplify the 
calculation. Whether the series so found 
is sufficiently convergent to determine 
the coefficients B, C, D from a few ex- 
periments so as to give trustworthy values 
for t^, cannot be determined a priori; 
for the coefficients of safety must be first 
fixed by a great number of experiments. 
Wohler's tables require a careful re- 
vision. First with regard to division 
No. 1, viz. : 
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( bet. + 160 and — 160 Ctr. 

For iron Ibet. + 30Q and Ctr. 

. ( bet. + 400 and + 240 Ctr. 

Tension per square inch. 

Both limits, + 160 and — 160, agree 
with Wohler's Table I. for continuous tor- 
sion and Phoenix iron; the corresponding 
rotation-number 132 J million is regard- 
ed as " unlimited duration." If, accord • 
ing to Wohler (Zeits. f. Bauw., 1858, p. 
446), the maximum duration of an axle 
corresponds to a run of 200,000 miles, 
and the circumference of the wheel 
makes 2,400 revolutions per mile, then 
480 million revolutions are sufficient to 
wear out the axle. Now, it is not cer- 
tain that rod No. 9 of Wohler's Table 
L, after 132 millions, would stand 348 
millions more; but it is probable; because 
for equi-different strains the number of 
rotations increases in a ratio higher than 
the duplioate, and the number of rod 
No. 8 is 19 millions. For axle torsion, 
these limits hold ; but not for axle com- 
pression and tension, as in the case of 
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piston-rods ; for according to Wohler's 
Table X. a rod of Phcenix iron was torn 
apart under a »train of 820 Ctr. after 
10,100,000 tensions, and therefore would 
not have borne alternate strains of 
tension and compression to the num- 
ber of 10 millions. Hence, although 
in the tables, to ensure tiro^-fold security 
for wrought iron strained permanently 
in both directions, the strain 80 Ctr. per 
square inch is assigned as permissible ; 
still this can be accepted only for the co- 
efl5cient 2, Vhich must therefore have 
another office beides that of compensat- 
ing for the non-homogeneity of the ma- 
terial. In this regard Launhardt's coeffi- 
cient J seems to be worth testing by fur- 
ther experiments ; especially for iron 
when greater resistance is called for in 
one direction than in the other. 

The limits 300 and are derived from 
Wohlei^'s Table V., rod 7, which was 
sound after 48 million bendings. The 
jump from 360 with 4 millions to 300 with 
unlimited number, is somewhat conjectu- 



43 



ral; and the assumption is made probable 
only by Fig. 3. The assumption derived 
from Table X. that for 800 Ctr. strain 
the duration is ^^ unlimited," because for 
320 Ctr. strain rupture occurred after 
100 million extensions, is not justified 
either by the table or Mg. 1 ; so that 
Wohler's assumption that the '^ original 
resistance," shown in bending, agrees 
with that shown in extension, requires 
the confirmation of experiment. 

The third pair, -1-440 and +240, agree 
with Wohler's Table X. Rod 8 was in 
working order after 4 million extensions, 

while rod 7 under -— strains bore only 

200 ^ 

2,400,000 extensions. It seems unsafe 

to draw conclusions from these results 

without further tests. 

The 2d division gives results which are 

more certain, viz. : 

( bet. + 280 and — 280 Ctr. 

Axle steel I bet. + 480 and Ctr. 

( bet. + 800 and + 350 Ctr. 

Strain per square ineh. ^ 
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The limits ±|§? are more ezact. be- 

— 280 ' 



cause for — — : the numbiers of rotations 

rose to 45 millioDs. Less reliable is 
^1? and ^ from Wohler's Table XIL, 

since by 13,^' millions, with respect to 
12 millions, an ^^ indefinite duration" 
was indicated. 

The 3d division is : 

For un- T between 500 and Ctr. 1 
hardened J between YOO and 250 Ctr. 
spring I between 800 and 400 Ctr. 
cast steel. [^ between 900 and 600 Ctr. 

Strain per square inch. 

Here there is no doubt, since the 4 
experiments were made with the same 
metal, and the bending numbers varied 
between 44,, and 33,, millwns, which 
may be r^arded a» "unlimited dura- 
tion," in view of the uniformity of the 
metal and the number of tests. The 
same may be said of the part respecting 
Ikorsion. 
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The experiments with spring steel may- 
be regarded as conclusive ; and there re- 
mained for US only to repeat the tests on 
axle steel, and on metals for railway 
bridges and permanent way* 

[The writer here regrets that his ex- 
periments are incomplete, refers to facts 
that caused an interruption of his tests, 
and expresses the hope that he will be 
able at some time to take them up again.] 

We will now consider our subject in 
a more scientific and less practical point 
of view ; with regard to the aspect and 
condition of the surfaces of rupture of 
the metals broken during our tests. 

In most cases one or more spots of fine 
grain were observed upon the surface, 
showing the places where rupture first 
occurred. The broken surfaces of iron 
and steel were often marked by a dark 
spot; in other cases there was a smooth, 
fine grained spot, and in steel and bronze 
this was the centre of a set of radiating 
lines. This formed an elliptical surface, 
which, in Firth steel, had an oil-like 
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smoothness and a lustre under oblique 
light; while the rest of the surf aoe was 
rough. In Krupp's steel the elliptical 
surface is dull and close grained, the 
rest being crystalline and bright. The 
ellipse of phosphorbro^ze is yellower, 
and the remainder is dark brown in color. 

Fracture generally began on the ten- 
sion side near a comer; but sometimes 
near the middle. 

The fracture of iron extended only to 
the neutral axis, so that the compression- 
side had to be sawed apart. Above the 
neutral plane, on each vertical section, 
appeared a shell-like depression. From 
the fact that the compression-side bore 
the strain for a longer time than the 
tension-side, we infer that the absolute 
strength of wrought iron is less than its 
resilient resistance; contrary to the state- 
ments in most of the books. It does 
not occur to the writers that it is possi- 
ble that, under repeated bending towards 
one side, the resilience of the compres- 
sion side as well as its tenacity may 
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gradually increase. The rupture of 
steel takes place through the entire sec- 
tion, apparently . by tension, while the 
neutral plane is generally higher. This 
is due to the brittleness of the metal. 
But sometimes there appears on the up- 
per edge a plane inclined 45* to the other 
rupture planes, which obviously has 
been caused by compression. A similar 
result appears in the axle steel, tested by 
falling weights; the section being per- 
pendicular to the convex side, and fork- 
ing at three-fourths the height, so that 
the piece forced out is in the &hape of an 
equilateral triangle. 

Phosphorbronze reserubles steel in 
fracture ; common bronze is like iron. 

In the case of two steel rods under 
torsion, the rupture plane, waa divided 
into two entirely different parts by a 
chord perpendicular to the radius drawn 
to that point of fracture wMch was 
the centre of radiation. This is always 
on the tension-side in bent rods, so that 
it may be inferred that the rupture of 
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heavy (massive), and are so small in com- 
parison with the corporeal atoms, and 
with the ethereal interspaces, that their 
form need not be regarded. The action 
between them is repulsive. 

n. Among atoms the following forces 
operate : 

(l.) Universal gravitation,/ ^^ e. the 
intensity of attraction between two cor- 
poreal atoms varies as the product of 
their masses directly, and inversely as 
the square of their distance from each 
other ; and is independent of their ma- 
terial constitution. 

(2.) Physical attraction. By this . is 
meant that force by virtue of which the 
same pair of corporeal atoms attract 
each other with a force varying direct- 
ly as the product of their masses, and 
which diminishes very rapidly as the 
atoms are separated. 

(3.) Chemical attraction^ or affinity, by 
virtue of which two heterogeneous corpo- 
real atoms attract each other. 

(4.) Ethereal forces. Between ether 
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atoms repulsion takes place; but between 
ether atoms and corporeal atoms there 
is attraction, varying directly as the pro- 
duct of the masses, and in a rapidly di- 
minishing ratio of the distances. 

m. Because of repulsion the weight- 
less atoms of ether expand throughout 
space, penetrating all bodies, but concen- 
trate more or less about corporeal atoms 
because of their attraction. Assuming 
that the distance between corporeal 
atoms is very great compared with their 
magnitude ; and that the intensity of 
attraction between corporeal and ethereal 
atoms is very great compared with the 
repulsion between ether atoms ; and that 
the number of ether atoms in a given 
volume is indefinitely greater than the 
number of corporeal: it is obvious that 
the ether will be disposed atmospheri- 
cally about the corporeal atoms, and that 
each atmosphere will be of definite form 
and limit, so that a large part of the 
space between two corporeal atoms will 
be utterly void. It would also follow 
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that the density of the ethereal envelop 
would decrease ontward from the atom. 
Such an atom with its envelop is called 
a Dynarmd, 

IV. A moleoule is a balanced group 
of two or more dissimilar corporeal 
atoms having a common ether envelop. 
As two distinct atoms <5aü form a mole- 
cule A, so two like or unlike molecules 
may unite to form a compound mole- 
cule B. 

V. Redtenbacher conjeotüre« that the 
radial oscillations of ether atoms, which 
cause expansion of the envelop and in- 
crease of repulsion are connected with 
the phenomena of heat, while their con- 
tinuous rotatory motion corresponds to 
the electric current. 

The proposition of III, regarding the 
void spaces between atoms, we cannot 
reconcile with the hypothesis that ether 
fills entire space. We rather adopt 
Cauchy's view; that the intervening 
space is entirely filled with ether. This, 
Redtenbacher thinks, is the case only 
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with solid substanoes, in which the cor- 
poreal atoms attract the ether atoms but 
feebly. ' 

W^ shall now attempt to establish our 
hypothesis heretofore stated, by the ap- 
plication of these principles, and by the 
results of our experiments. 

It is known that most, if not all, of the 
important teohnic metals show a tendency 
to crystallize when cooled from a melted 
to a solid condition (especially if the 
cooling be rapid). The atoms group 
about axes of symmetry, if unhindered. 
That is, a crystalline joint is formed. 
For example, if melted metal is poured 
into a oylindrio vessel, made of a mate- 
rial whicb is a good conductor of heat, 
so that the metal near the outside cools 
rapidly, while that within remains fluid ; 
then if the interior molten portion is 
drawn oft at the bottom, it is found that 
the metallic shell left behind shows 
crystalline forms upon its surface. This 
tendency to crystallize extends through- 
out the entire mass when it is cooled. 
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This may be regarded as the first nor- 
mal condition,* in which there is equili- 
brium between the attractive forces of 
the several groups of atoms, and tire re- 
pulsive forces in the ether envelopes. 

If the body has the temperature of the 
surrounding air, the radial ether vibra- 
tions of both are of equal intensity, and 
the velocities are equal. Every change 
of temperature, therefore, causes a de- 
struction of the internal equilibrium, and 
a consequent wave-motion of the groups, 
causing decomposition into atoms or 
molecules, with a consequent change of 
volume, which, if maintained, corre- 
sponds to a new normal stale. If besides 
temperature, mechanical forces are act- 
ing, such as compression or tension, the 
wave-motions or disturbances of the 
groups are either suppressed or hindered ; 
hence the new normal state depends upon 
the qualitative or quantitative operation 
of the external forces. 

I I I ■ i ■■ II —IM»« I 111 mmm^-^r»^^^-^m n ii ■■ ■ i i i 

* Two molecnles may be so situated that their moleca- 
lar forces are in equilibrium. Such a conditioo, due to 
internal forces only, is called a normal state. 
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Cast iron, bronze and brass, are gener- 
ally in the first normal state when taken 
from the foundry, but not so wrought 
iron 'and steel. The latter metals run 
through a series of normal states under 
the hammer and roller before they are 
ready for use. 

Experience shows that in the case of 
iron, which contains only a small per 
centage of coal, hammering and rolling 
while hot, when the atoms are in oscilla- 
tion and the groups are for the most part 
decomposed, causes a distribution which 
produces a fibrous grain. This may 
be explained as follows : The motion of 
the ether is diniinished, or turned in 
other directions by the hammer or the 
roller, so that groupings of atoms take 
place ; these groups are brought nearer 
each other by the working of the metal, 
until the ether envelopes by virtue of 
their force of repulsion prevent a fur- 
ther approach of the groups. Suppose 
the direction of the pressure of two roll- 
ers to be vertical, then the vertical di- 
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mensions are diminished and the hori- 
zontal increased, so that the atom-groups 
of some of the vertical series are dis- 
placed, and push the groups of other 
series in such directions that no external 
forces oppose them ; and as a conse- 
quence new series are formed, so that, 
for example, groups which were at the 
comers of cubes assume a pyramidal 
form. 

The square form of a perpendicular 
section is changed to a lozenge, then to 
a rectangle. Kow, if a hody of the last 
form is broken by slow bending, the 
horizontal lamina» separate from one an- 
other, because the ether in the vertical 
series is compressed, and the upper hori- 
zontal series are stretched. As this ex- 
tension is not uniform the rupture sec- 
tion has a fibrous grain. Perhaps, large 
crystals have been i^solved into smaller, 
and these, working in between the larger» 
give a fibrous look. But if the rod is 
broken by a sudden blow, the rupture 
has a crystalline aspect, because the rup- 
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ture is due to sheariDg, and the longi- 
tudinal fibres have not bad time to be- 
come extended. 

So it is with steel ; with the qualifica- 
tion that the form of the molecules and 
the distribution of groups is different. 

It is not possible that working and roll- 
ing can force the atoms or molecules of a 
crystalline group into actual contact ; 
since, in that case the repulsive force of 
the ether must be done away with, and 
the attraction of the atoms would become 
infinite, so that the decomposition of a 
crystal would be impossible. Hence, we 
may assume that in every group in the 
condition under consideration, there is a 
very dense ether atmosphere, which, when 
aided by external forces, causes a subdi- 
vision into smaller crystals, and then a 
reduction of theee into atoms or mole- 
cules brought into dose contact, so as to 
produce an amorphous condition. This 
decomposition is helped along by the 
mutual attractions of the exterior atoms 
of two adjacent crystals, and hindered 
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by the interreniBg ether. Suppose two 
opposed bands of external parallel forces 
uniformly distributed through " ä very 
thin plane section, whose resultants are 
P and Pj, then the external forces will 
draw away the crystals a, a^, a„ and c, 
c„ Cg,* from the middle set b, b^y ft,, be- 

P 

a «J a. 



b, b. 



c c. c. 



cause the repulsive forces of the ether 
envelopes is aided by the external forces. 
The squares change into rectangles, and 
a motion of the easily disturbed ether is 

* For the easier comprehenBioa of this, let a, ft, e, etc., 
represent cubic crystals, each separable into 8 equal 
cubes. 
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induced. It becomeB denser in the hori- 
zontal intervals aa^, bb^^ &c,^ than in 
the vertioaly nb^bCy &o,| so that there 
is a flow from the latter to the former. 
But at the same time a radial motion of 
the ether takes place from a to 6. and 
baek again ; hence the heat phenomena 
observed by Wohler in cases of great 
strain. Eleetrio and magnetic phenom- 
ena may also occur, since there must be 
rotatory motion of the ether on account 
of the greater density about the hori- 
zontal diameter of the crvstal. In the 
first stage the equilibrium of the ether 
external to the crystal takes place, dimin- 
ishing density in a horizontal direction 
so that the j-ttraction of the crystal is 
less hindered, and the vertical elements 
a b Cy a^ 6j Cj, etc., apprx>ach one another, 
diminishing the transverse dimensions in 
the Second stage. 

The envelops within the crystal are 
induced by their repulsive force to take 
part in the^ equilibrating movement of 
the external ether ; but are hindered by 
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the attractions of the crystal molecules 
or atoms, and can therefore express their 
force only by operating upon the atoms 
or molecules of the crystal, thereby set- 
ting in motion those parts which are ap- 
plied to adjacent crystals, since these 
suffer a less pressure on the opposite 
side. In this way a disintegration is 
effected of crystals of the first into the 
second, third, etc. order so that in the 
third stage the material is uniformly 
distributed. These three stages are in- 
cluded in the short interval of time 
of a single stress within the limits of 
elasticity. If the forces P and Pi cease 
to act, then the original condition re- 
curs : but in our experiments the strains 
occur in rapid succession, and, only 
those displaced atoms or molecules which 
are in close proximity can reunite into 
crystals of the second or third ofder. 
Here we discover the reason that not only 
the number but the time of duration of I 

stresses has an influence upon rupture. ! 

Perhaps it is not certain that crystal- I 
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line structure changes to amorphous 
with every stress, especially with the 
first ; for rods broken after a few strains 
show a crystalline rupture. But that 
regular forms become smaller and that 
the amorphous condition increases, is 
shown by the smooth mirror-like ellipti- 
cal spots on the broken surfaces of differ- 
ent kinds of steel. The molten-like 
spots in iron are to the same effect. 

A new normal state occurs at each 
diminution of crystals, corresponding 
to a new kind of elasticity ; so that in- 
stead of a single limit there is a series. 
But with each change of limit the 
strength of resistance increases ; and 
the raising of the limit by working and 
loading is proven by many experiments. 

Moll says : " The more crystalline the 
structure of a body, the less its resist- 
ance. The rupture of such bodies is due 
to the separation of the small crystal 
groups, npt to the breaking up of single 
crystals. . The cohesion of the molecules 
that form a crystal is greater than that 
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of crystals with one another. The 
strength of a body increases as its struct- 
ure approaches the amorphous state 
when its atoms have ä homögcAeous dis- 
tribution." 

Though the truth of this statement 
has been shown by experiment, it will 
be instructive to investigate the causes. 
Consider a vertical column of crystals a, 
Ä, c, etc, each of mass m; which may be 
regarded as conpentrated at its centre of 
gravity. Let 6, be the common distance 
between the e^nteiB of gravilty ; and K 
an unknown co-efficient, then the attrac- 
tion of 5 by a, is 

Suppose each crystal diviiäed into two 
equal crystals, e.^., a into a* and a*', J 
into V and h'^ &c., and suppose öj' re- 
maias in the place of a : that a" is dis- 
placed through one-half of the space a 5, 
so as to be dfetant \e from a'\ then a' 
is attracted by a' with the force 
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A TT 1^ ^^ . 

4 4 

obtained by putting J m for m and } e 
for e in the above equation. Of course 
A>i=A, ; hence the attraction of two 
adjacent groups has not increased ac- 
cording to the law of gravitation. Tak- 
ing four groups, a, J, c, rf, we have the 
following results : 

h by a, attractive force, K-j» 

6 

c by «, attractive force, K--i 

4ö 

1 

(^ by a, attractive force, K-— , 



Total,S.=K^'(l+i+J-) 

Sui^ose these groups broken up into 
crystals of half the size a\a'\ Vh% we 
then have : 

a by a , attrtive force, K-777-5 =K — r- 
by a , attrtive force, K — -7-- =J^"7~t 
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V by a\ attr'tive force, k /,, , =K-r-— =- 

^ * ' 9/4 e' 9e' 

c by a , attr'tive force, K --Tr-,=K~r— , 
c' by a , attrHive force, K^-r^^K^^ 
d' by a', attr'tlve force, kJ^=K^. 
d' by a', attr*tive force, K^^^^Kj^' 



e'' 



-m* 



hence S,=J5:-^ [1 + 1/4 + 1/9 4- 1/16 + 

1/25 + 1/36 + 1/49] 

We find S, > S^ ; and aa a, 5, c, c? are 
subjected to the same attractive force Sj, 
while a' ia attracted by a^, ö' by h\ <fcc., 
with the force S„ it follows that the co- 
hesion of a' with the vertical fibre is 
greater than that of a,, But whatever 
holds true of one fibre, holds for the sum 
of all the vertical fibres of a rod ; and 
we may infer that the tensile resistance 
of a.rod increases along with the disin- 
tegration of the primitive crystals up to 
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the amorphous condition. This increased 
resistance might be weakened again if 
the repulsive f carte of the ^t^er increa^sed 
in the same ratio. But the ether envel- 
ops of the new (crystals become, less 
dense because of the diminished mass of 
the latter ; and the ether in the body is 
spread throughout a larger space, since 
the specific gravity of a body diminishes 
as the volume is increased. 
The disintegration of crystals of the first 
order may also be due to continuous load, 
when sufficiently small increments of load 
are added at regular intervals. As soon 
as resol^ution of crystals of the first order 
into the second is effected, permanent 
extension results ; that is, the first limit 
of elasticity is reached. But as long as 
only a few crystals have parted from the 
mother-crystal and are lying in close 
proximity, it is possible that these may 
be restored with the removal of the 
strain, or when it has been reduced to ä 
very small amount. If the crystals of 
the second order have been changed to 
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the third the second elastic limit is 
reached, and between this and the first 
limit the metal is as eia$tic as before. 
This -eöcplains the raising of the elastic 
limit under increasing ten^io^, 

Knutt Styffe, Director of the Institute 
of Technology at Stoekholfn, defines the 
limit of elasticity as follow« : ^^ If a rod 
of steel or iFoa is stretch^ by^ continual 
increase of load, itt 'first iso' small as to 
cause no sensible permanent extension, 
then grü^daälly ineceased, jand allowed 
to act for a number of minutes depending 
on the ratio" of the iac^^cafie of weight to 
that of the whole rod : the^ the elastic 
limit is the weight which produces a per- 
manent extension amounting to about 
the ratio of the in(»rease of weight to the 
entire load* Let P represent the total 
load ; d P the constant increment of 
load ; L die length of the rod ; dh the 
increase of permanent extension due to 

rfP 
P + c?P, if this acts for 100 -r^ minutes: 

then the elastic limit corresponds to the 
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d L 
weight for which -y— is approximately 

equal to 0,01 -^. That is, 100 -j- ^^ 
=1 or nearly 1.** 

With thia definkion as datam, Styffe 
determines in an arbitrary way one 
of the many «lactic* Umita whioh lie be- 
tween the first normal, and the final 
amorphpij^ «t^te« . 

Styffe gives sereral curres as exam- 
ples in whiob the applied weights are 
laid off as ordinatea^ and tlie per cents, 
of extension, as abadss«»» One of these 
curves ia represented in Fig* 12« Ob- 
serve the several elevations of the carve 
(in which there is aa appearance of peri- 
odicity) whi(^ may correspond to what 
we have called the several normal con- 
ditions. Fig. IS is the beginning of 
Fig. 12 to a larger scale: the elastic limit 
lies near the point where the curve has 
the smallest radius of curvature. Tliese 
curv^es have some similarity to the curves 
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3, 5 and 6 ; and possibly some relations, 
not yet made obvious. 

Moll & Reiileaux maintain that the 
elastic limit * may be changed by a 
change in the normal states ; but that in 
the case of some metals, as wrought- 
iron for example, its magnitude is slight- 
ly affected, 

Wohler also found in experiments 
in bending that the elastic deflec- 
tion depends not upon the increase 
of the total deflection, but upon the 
total load alone. He concludes that 
permanent and elastic change of form 
cannot depend upon the same physical 
property. This opinion we share with 
him, for this and other reasons. Accord- 
ing to our hypothesis permanent exten- 
sion is associated with disintegration of 
mother-crystals caused by the ether-re- 
pulsion. The diminution of transverse 
dimensions, when a rod is lengthened, is 
proportionally smaller than the elonga- 
tion, since und^r extension the specific 
gravity diminishes. 
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Elastic extension is due to the fact 
that the equilibrium between the attract- 
ive forces of the nuclei and the repulsive 
forces in the envelops is disturbed • by 
the external attractive forces with loss 
to the former ; the disturbance disap- 
pearing at the same time with the cessa- 
tion of the action of external force. 
Perhaps we may say th^t the elastic ex- 
tension depends upon the momentary 
suppression of the general attraction of 
the masses (excluding physical and 
chemical forces) ; and that it remains con- 
stant with equal increments of the strain, 
because the mass of the rod remains con- 
stant. 

Fig. 14, shows that the limitation of 
elastic phenomena to certain metals is a 
necessary conclusion. The ordinates of 
the full curve show the total extension 
in English inches of a bar of phosphor- 
bronze ; the abscisssB correspond to the 
loads in English pounds ; the ordinates 
of the broken curve represent the perma- 
nent extensions. The differences of the 
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ordinates correspond to the elastic ex- 
tensions which increase from 0, to 22000 
lbs.,, then decrease to 38916 lbs, when 
rupture took place. Perhaps it happen- 
ed that after the breaking up of the com- 
pound molecules, groups of copper, tin 
or phosphorus formed, and the groups 
of the last-named flowed among the 
other groups so as to prevent the ap- 
proach of the first two kinds. 

The above explanations seem to con- 
tradict the well-known phenomenon that 
extensions generally increase more rapid- 
ly as the load approaches the breaking 
weight. We think that this is true only 
up to the beginning of the amorphous 
condition due to repeated or increased 
load. A body is then perfectly elastic, 
only so far as this term applies to 
bodies not absolutely homogeneous. 
While each increase of load induces a 
separation of the crystals such that the 
sectional area does not diminish just as 
the length increases, no increase of 
volume can be caused by increase of ex- 
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ternal forces after the uniform juxtaposi- 
tion of the atoms. The next addition 
of tension, if not too great, may cause 
only a lengthening parallel to its own 
direction ^nd a contraction of cross-di- 
mensions. But the molecules of the 
cross-section are brought together as 
closely as if pressures from without were 
acting. Hence mplecules may be forced 
out of the cross-rowß to form new rows ; 
or new groups are formed, so that the 
section is permanently diminished : for 
if tension breaks up groups then pressure 
must tend to construct thein, 

Together with the permanent diminu- 
tion of the section there occurs a perma- 
nent incres^se of length and vice versa. 
Hence results formation ,aiid. dissolution 
of groups, with a rapidity proportional 
to the'inprease of the jEorce of tension. 
Finally thjere comes a Ipgd so effective 
that the groups have pot tip:^^ to break 
up, and, rupture take^ pte^e hy oieans of 
shearing. , 

Indicate the breaking load per square 
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unit of original section by Pb; this strain, 
in case of repeated tensions, does not cor- 
respond to unlimited duration ; but pos- 
sibly to the smailler value P», which is 
in equflibiiuni trith the ätnorphous con- 
dition. 13«t this can har<ily be grant- 
ed, fiitice P. ai3 soon as brought into 
action would oause sudden and various 
changes of eryi^als, so as to cause an 
amorphous condition in some fibres, not 
in others ;' so that shearing would be in- 
duced andruptui-e would follow. This 
view is supp^ted by the fact that iron 
rods which had borne repeated tensions, 
when broken by pull were fotind to 
be beiit, though before rupture they 
were quite straight. This conld not be 
charged to the exceritric application and 
working of the tension, since in most 
cases the curvature was opposite in direc- 
tion to that which might be due to 
transverse operatibn of the machine. 

It may be shown that the strain cor- 
responding to an unlimited number of 

tensile strains is w = - P.. Since the 

n 



73 

time of change to the amorphous con- 
dition (and therefore n) cannot be deter- 
mined in the ordinary experiments, it is 
best to determine t^ or the working re- 
sistance a by Wohler's method» Wohler's 
question : ^^ Is there any limit pf tension 
which is perfectly safe?" cannot be 
answered in the affirmative, since that 
strain must be sufficient to produce the 
amorphic condition direcUy and must not 
he great enough to form crystals in the 
cross-section by pressure« Tlie use of 
iron for girders in buildings need not be 
rejected ; yet it is worth while to con- 
sider what may be the effect of the vi- 
brations produced by the continual pass- 
ing of vehicles. 

It hardly needs mention, in order to 
reconcile an apparent discrepancy in the 
experiments of Styffe and Sandberg, that 
if the strain Pb is applied^ rupture must 
take place by sudden shearing, because the 
groups have not time to break up and 
pass over to the elastic limits of new nor- 
mal states. 
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The results of thQ experiments of the 
former on extensions between — 37.7° 
and 200° C, were : (1.) The absolute 
stren^h of s^teel s^jid iron is not dimin- 
ished by cpld ; being at least as great 
at the lowest temperature in Sweden as 
at the. ordinary, (2.) The extensibility 
of steel aud iron is not less at very low 
temperatures tjian at ordinary. The fact 
that car rails and axles break more read- 
ily in cold weather, Styffe attributes to 
the circumstance that the road-bed is 
less elastic, so that /hocks are more in- 
tense. 

In oi*der to test this explanation, Sand- 
berg, who translated Styff^'s work into 
English, m^^de experiments on steel, the 
results of which he published in the ap- 
pendix to his translation. He assumed 
that the elasticity of granite does not 
vary between the limits of a hot sum- 
mer and a cold winter day, He had a 
granite rock smoothed and leveled and 
placed upon it two cubical blocks of 
granite to serve as supports for the rails 
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to be tested. Each rail was divided into 
two halves : one of which Was tested in 
summer at ^4 20"* C; the othef, in winter, 
at — 12°' C.,' by dropping tipon them a 
sphere Weighing nearly nine centners. 
The sections of f eti bars sliowed that at 
the lower temperattir6 iroto had but ooie- 
third or ötie-f ourth ' of the fesistance 
which it had at the higher; also'that the 
tenacity and" resistance to bending were 
notably affected by cold. ' 

Regarding these reöults'aö trustworthy, 
we explain them as follows f The radial 
motion of ether which appears in the 
form of heat, after some time causes the 
same disiiitegratioli of crystals as repeat- 
ed or increased strains. But cold, lite 
compression, which is attended with less 
vibration, J)romoteö the formation of 
groups; these diminish-terisilö rei^stance, 
and make the material brittle Oh account 
of its crystalline structure. Sandb'erg sub- 
jected the rails, which had become crys^ 
talline under the influence of cold, to 
a sudden blow ; of course they broke 
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more readily in winter than in the sum- 
mer. On the other band^ Styffe broke bis 
rods with a hydraulic machine ; inoreaa- 
ing thestr^^n gradually, so that he grad- 
ually broke up ti3ie connection of the 
crystals, thus substituting mechanical 
work for ethisreal vLbratlon^^ 

As fibers ar0 n<>t.b(?inogezieous in their 
struetur^ tbey must contain. «^ varying 
number of ^Jiystala., Tbose fibers in 
which the csrystals a.re lK)t .so dense, are 
more strained by tension so 4;bat the 
groups ^re quickly broken^ up. Forced 
by the e^b^r theiy leav^ the molecular 
groups of fuller fibers and seek the fiber 
most stiraijied in order to^ restore equili- 
brium.- Hetnoe th0 ray-like c^pp^arance of 
the fracture-surfaces of steel and phosphor 
bronze. -The fibers nearest thq weakest 
fiber are more extended, 4>nd are succes- 
sively brought beyond the amorphous 
condition so as to have less tenacity. 
The e£Eective section of re$istance be- 
comes gradusUly smaller; and at last the 
dynanometer breaks the remaining crys- 



H 



7 



talline section, which therefore has an 
appearance laä if sawed or broken with 
theliammen 

That bars of square section break at 
the corners is explained by supposing 
that the flow of molecules to those parts 
is less free than to others. In the broken 
steel rods there appeared on the upper 
edge a small plane (wedge) incHned 45°, 
having the appearance of being pushed 
out. This is the angle of maximum 
shearing effect. • 

Crushing proper cannot be produced 
by pressure when it causes approach of 
molecules and foraaation of crystals. 
Separation can be caused only by shear- 
ing, or by ** nicking," or by the increase 
of sectional area, from th« ends toward 
the middle, causing a deficiency of mole- 
cules at the edge; The lÄät may be 
the reason of the sudden fracture of bars 
subjected to alternating tension iand com- 
pression. Wohler say« : ^ Pieces bear- 
ing posi^Ve ^nd n^^tiye siräSns Baust 
be made stf^onger in the ratio 9 : 5 than 
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those strained only in one direction.'^ 
The explanation of this is not easy. 
Launhardt's is not sufficient^ for he con* 
sider^ the case in whiob the ihoits of 
ela^ioity w» pa0s«d 'Oti both «ides. 
Wohler's bypotbsilis tfaarti Ihe difference 
of j^iarainsfiofiices fov ruptiure, and that 
in the e^se '0£ ; altornalingi.ten8ion and 
conapri^^fnoii .t]^>a]^bfaic diff^ence is 
the sum of the numerical vainesiof the 
strains, is akic^iiisUffieiBnt. • 

A BO; 

• -A'-'-l-JS-';- i0>- ■■■•'• 

A :ei B ß .. 

It is pir dbabfe that if a< ftbre AB is 
streti^ed 1<mi^ by th« amount BC, there 
is less moleonlar change th«n If stretch- 
ed by a kngth BD longer th«m B C; but 
in OUT opinion it does not follow that 
BC + BC produce« the same change as 
BD, if CC'äBD. Wo öhöüld rather 
betiepre that if the elongation B C were 
someho^v^ suppressed, the fibfe 'would re- 
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torn to its normal condition, and that 
the shortening B C could not be more 
injorions than if it occurred in the nor- 
mal state witbOHt )>reviottB elongation. 
The only HBii&üietatj explavatioick seems 
to be involved mike^htöry oi Moll and 
Benleaux that, lor the same normal 
state, there^ane tWv/^eo^exiMefirt limit» of 
elastioitj^'one for > tenaioft, the otb^er for 
oompresflionu ;: 

If the elastic lindt of tQusioii is raised 
by repeated strain, i, 6., if attraction is 
increased and repulsiondiminished, then 
the elastic lin^t of Of^mpressipn is dimin- 
ished. Hence, if the- elongation BC 
due to tension lies within the elastic 
limit, thee^lial ^omp^tswm BC/ causes 
a permanent sborlefiing, aad «fter some 
time a rnptui:^* But it is also possible 
that compiiMfiioB^ causes a bending tow- 
ard one fflide or an elongation of sets of 
fibers . near the periphery, so that a 
new normal atate results in that part, 
whieh reduces the section of resist- 
ance. The eaae of a rod under repeat- 
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ed torsion is not relevatit to a decision 
of this question, because each fiber is al- 
ternately oonvex and concave. Other 
experiments must be made ' Mdth new 
machines adapted to changing axial or 
transversal positive strain into negative. 
We may then ascertain what is the effect 
of a greater strain of one kind following 
a less of the other. We think it will be 
found that our assumption is not far 
wrong, thht ä firlighl compression follow- 
ing tension is rather advantageous than 
the contrary. 

Wohler*s observÄtion tliat between 
-f 440 and + 240 Ctr., and between 
+ S4>0 and Vibrations may o*cour with 
equal safety, requires tb« coüfirmation of 
further experiment. 

In oonsequeftoe* of the construction of 
the maohlnee for bending and pull the 
dynanomet^r ■ must first give a strain of 
240 Otr. in th^^ cmteitfioiit fibres ; then 
the extrenle fitrain of 440 Gtr. is applied ; 
hence a nomial state tnust^sult different 
from and higher than that "which would 
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follow the tension zero. It may be asked 
what would be the normal state if the 
strain 440 were first applied, and then the 
strain 240. Perhaps the result would be the 
same as if the force, Pb spoken of above 
should act. The answer may have a 
practical bearing with re&r^oe: to. bridge 
building-r The weight primer pf etruo- 
ture corresponds to the lower limit 240 
Ctr., and if the rolUng load increases 
the strain by 2W Gtr. the total permis- 
sible strain is r^ohed* ; Suppose the 
weight of structure uniformly distributed, 
then the y^itical eomponeiit .is a maxi- 
mum at the ends atid zero in %hß middle, 
and the teii^ion members at the abutments 
are in better condition to bear external 
forces than those in the middle, on ac* 
count of the raising of the limit of elastici- 
ty. The former naay therefore fcfr a total 
load oi 440 Ctr* have -^indefinite duration," 
because they may rise from 240 td 440 
Ctr. tension; but not «c of the latter, 
since they pass from to 440 Ctr. 
strain ; 300 being the limit. Assuming 



110 Ctr. as -the fiermissible strain, we 
Bhonld haM «.fotä seoaettf M the abut- 
ments, bnt loaiB than 3-ft>ld Jn the mid- 
dle. ■ ■ -- - 

We shall "»off attempt to iaöconnt for 
the «ppeafeamot the Btrrf aOe« of fracture 



surfaces pass over to the amorphous con- 
dilnon ; for each "fibre 6F these rods was 
pulled during half a'rotatloB and com- 
pressed ' during the ' «ther half. The 
procesB may bs As follows : 

If the rupture at a is the oonsequence 
of tendon, the bending of the rod, since 
the most effieient fibre has ceased to re- 



eist, will be gieatec than if it had turned 
througb ui »ngle cc Ibriogiag a to a, or 
to a, (the D€«iitr»l seetioa) while an un- 
broken fibre is brought to the top. In 
ite furtber pTOgrßM to <k,or from a^ to 
a, the broken fibre uiduoos no grftater 



' alnoe iite beoken [»arts sup- 
port eaol) otber^ . Indeed it ia Jioßüble 
that the bendijojg ie la»s dun»^ the last 
half rotation than dnring the ürel. If 
before fracture th«re has. been a penaa- 
DAQt extrasiou of the fibse a aod the ad- 
jacent fibres, the rod is penoane&tly 
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bent downward. After a half rotation 
it would be bent upwards, were it not 
for the- fact that tjie streM of the dyna- 
nometer acts downwards Bat in no case is 
the upper fibre so muchbent as it would 
be if the elastic lindt of the lower fibres 
had been passed. 

It would now seem to be clear that if 
the fibre (9 is at the top, the- adjacent 
fibres reach th^ mandmam stt^s«, causing 
the amorphous oonditifon of the upper 
segment. Upon the side opposite a the 
crystals ure larger than they ate near 
the chord of division, showing a higher 
state of dlsintegra^n. 

Appearänses' similar to those of steel 
are observed in iron, but tfaey are not so 
sharply defined. 

If the equilibrium of the ether and the 
consequent amorphiaing is in any way 
hindered, there may be othef segments 
of rupture. 

The rupture of iron and steel under 
torsion shows a smooth surface adjacent 
to the fracture, while that of bronze is 
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BhiniBg, and :pho6{Aor-broBze is often 
dark-brow» prbldddsb od the opposite 
sidei Thi» may. be explflined by suppos- 
ing that a£tei: the breaking np of crys- 
tals into mde^tilsAf these partly renolve 
into atoms, tboBe:of. tin gathering at one 
place, those of copper and phosphorus 
at another« - 

We must reject the theory idiat iron 
is made crystalline- by repeated tension, 
since bending and t^osion apf^ear, by our 
experiments, rto break up the crystalline 
structure; while . .ecrmyrfwa on promotes 
it. So thf|. -upper p^orts of r&ili' become 
crystalline and hard bex^use Aub^oted to 
compression« Whether, irregpidar shocks 
promote cryatailbation lemaiiM to be de- 
termined by experiment. 

The ruptare^sections generally show 
in what way breaking has occurred ; 
whether by repeated strainis or by the 
sudden shock of a great load. This may 
be of import in diseovering the cause of 
an accident, as, for example, whether it 
is due to a broken axle or a broken rail. 
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This might be determined by an exami- 
nation of the peculiarities of the sections 
of fracture. 

There remains to consider the possible 
effect of heat in impairing strength by 
vibration of the molecules. Heat sepa- 
rates the crystals, causing change of po- 
sition in all ctirections: and when it is 
uniformly distributed, if the amorphous 
state occurs, the strains in cross-section 
are exactly equal to thosö in longitudi- 
nal, so that there is either diminution 
of section, or re-grouping only, which is 
not competent to effect rupture as long 
as the aggregate state is unchanged. 

We have had Krupp's axle steel hard- 
ened and then broken; the grain was 
much closer and smoother than in the 
same not hardened. But if steel is first 
heated and then hardened the rupture- 
surface becomes more like that of the 
non-hardened, according to the duration 
of the heating; while the grain of steel 
heated and not hardened is coarse and 
globular. So is that of heated iron. 
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Hence it would seem that red*heat pro- 
duces no tendency to form groups, while 
a higher heat, long continued, induces a 
storm of ether atojos, &o. that, in cooling, 
they gather in ij;regular groups; a phe- 
nomenon, observed in cast m^taL 

The experiments of Styffe mentioned 
above, which show that the absolute re- 
sistance of stQei and irpn ^t high tem- 
peratures, up. to 200° C., does not di- 
minish, while that of soft irpn increases, 
contradict Müller, in the Zeitschr. des 
Ost., Ing. u* Arch» ver. (1873) where he 
says: "When a bridge-menaLber^.in the 
course of. twenty -four hours,, suffers a 
lowering of . temperatui)e to the amount 
of 15° C^^ there is. a change of its length 
amounting to O,0 0P2 2. The elastic 
change of length is the .same up to a 
load of one-third the limit» Sp a change 
of temperature has the same .effect as a 
load." . 

Finally, we refer to the diagrams. In 
all the polygons there is a point from 
which the ordinates increase very rapid- 
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idly. This may be compared with that 
one in Styffe's curve, Fig. 13, which cor- 
responds to the shorteiM; radius of curva- 
ture, in the vicinity of which lies the 
limit of elasticity« We may conjecture 
that the ab£K?is9a corresponding to this 
point, i. e.y the load, anawers to some im- 
portant eoiiditioa of the mental, possibly 
to that in which the irreguter- crystalline 
structure becomes more regular. It may 
be thstj up to this point, the number of 
strains necessary for rupture depends up- 
on the specific nature of the rod, while 
it afterwards depends upon the general 
properties of the metaL Hence it may 
happen that irregul$.rities of the poly- 
gons are more frequent before this point 
is reached. That non^iomogeneous met- 
als may be improved by repeated strains 
is not impossible. Suppose, for example, 
there is a thin section of slag running 
across a rod. This may be broken up into 
several parts by small tensions, which 
may be disposed by the motion of the 
ether into a direction parallel to the ten- 
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sion, so that the^ decomposition of crystals 
is less hindered^ The attraction of homo- 
geneous molfeeul^« to both sides of the 
section möjr be diröfinished, but not de- 
stroyed', And there m2iy be an equilib- 
rium between the force of attraction and 
the reptdsite force of the ether increased 
by the action of external forces, A 
greater external force would break the 
rod at this section. 

The less obvious this point in the pol- 
ygon the more homogeneous and pure 
the metal. This appears in Fig.^ 9. And, 
from Fig. 7 it may be infeired that 
Krupp's Bteöl is now much more uniform 
and stronger than th ait of 18Ö2, 

Time and spade forbid further pres- 
entation of faöts suj^porting our hypoth- 
esis. It is to bfe hoped thftt others will 
pursue the subject further. 
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lithographic plate. Third edition, revised, 560 pagesj 
8vo,Gloth 7 50 

PLYMPTQN. TtM Blow Pipe. A Otude to its Use 
in the Determination of Salts and BCineraia. Com- 

^ piled from various sources, by George W. Plympton, 
C. £. A. M., Professor of Pnysicaf Science In the 



Polytechnic Institute, Brooklyn, New York, jamo, 
ctoth 



1 so 



PYNCHON. Introduction to Chemical Physics, desi|;n- 
ed for the use of Academies, Colleges and High 
Schools. I^ustrated with nntnerous engravings, and 
containing copious experiments with directions ibr 

Sepaimg them. By Thomas Ruggles Pynchon, 
. A., Professor of Ohemistiy and the Natural Sci- 
ences, Trinity College, Hartford New editioti, re- 
vised and enlarged, and illustrated by B69 illustrations 
onwoodi Crown, Svo. doth.... 3 
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D. VAN N08THA2n>'B FUBLIOATIONa. 

ELIOT AND STORSR. A edinp«i]di(ra« UumX of 
Qualitative (Chemical Analytis. By Charlts W. 
Bäiot and Frank H. Storer. Rairiaed tiith the Co- 
operatKm of the authors. By WUliam R. Nicholsj 
ProÜMeör of Chemustrv in the Maseachueetts inati« 
tute of Technology Illustvated, lamo. chMh. $i 50 

RAM M ELSBBR6> Guide to a coonie of Quantitative 
Cheimcal Analyeis. espwially of Minerals and -Fur- 
nace Products. Ittustrated by Bbcamples By C F. 
Ranuvelabeii. Tfaaalated by J^ Towlex^ M. JX 
8vo,cloth ..•• a a$ 

DOUGLASS and PRESCOTT. QoalkaHve Chemical 
Analysis. A Guide in the Practical Study of Chem- 
istry, and in the Work of Analysis. By S. H. Doaj^- 
lass and A. B. Frescott, of the University of Michi- 
gan. New edition. 3vo. In press. 

JACOB. On the Deeiftuing and Consteuctioa of Stonge 
Reservoirs, with Tablesand Wood Cuts represeating 
Sections, &€., i8mo, boards^.. .•...»•.••..• • - 50 

WATT'S Dictionary of Chemistry New and Reiirised 
edition complete in 6 vols 8vo cloth, $63.00 Sup- 
plementary Volume sold separately. Price, cloth. . . 9 00 

RANDALL. QuarU Operators Hand-Book. By P.M. 
Randall New edi&oo, revised and ealargedi fully 
illustratecL isnso» cloth •. a 00 

SILVERSMITH. A Practical Hand-Book for Minei^ 
Metalluxgtsta, aod Aaaiqwrs, conpriaing the most re- 
cent improvements in the disintqprfttioik. amalgama- 
tion, smelting, and parting of the i recious ores, with 
a comprehensive Digest of the Mining Laws. Greatfy 
augmented, revised and corrected. By Julius Silver» 
snuth- Fourth edition. Profusely illustrated, tamo^ 
cloth 3 00 

THE USEFUL METALS AND THEIR ALLOYS, 
including Miniag Ventilation, Mining Jurisprudence, 
. and Metallui^c Chemistry employed in the conver- 
sion of Iron, Copper, Tin, Ztnc, Antimony and Lead * 
ores, with their applications to iftte Icdtnttrial Arts. 
By Soofliren, Truan, Clay, Oxland, Fairbaim, and 

•thera. Fifth edition, half oalf. 3 T« 
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D. YAÜX »OgTÄAK|> ft FXJSXiIOATIONS. 



« eo 



JOYNSO^i The Motel« med in eaBsirocftM>ii« Srpn, 
Steely BoABcmes M«tal, etOr^.ctc» By F, H. Joyii«eo« 
Illustrated« xain<l»*iito(h« . . « »^ v > < • . < • . 4- * • • i • • • - • • v** 75 

VON COTrA. Treäitise on Ore DdpMk«^ By Bom* 
hard Von Celtl^ Professor of G«olögy in the Royal - 
School of IfiaeA, Fteidbor^, Saxoit)v Translated 
from the second German edition* bs^ flrfderide 
Prime, Ju^Mvümg Engineer, «nd revised by the au- 

' thor, with «umevous iUilstrations. 8vo, doth 4 <» 

GREENE. ' Graphical »iethod «wthe Analysis of Bridge 
Trusses, extended to continnoas Girders and Draw 
Spans. By 0. K. Greene, A. M., Prof of Civil Engi- 
neering, University of Midugan. Ilhistntted by 3 
ibldii^; plates, «vcs cloth ^ a 00 

BELL. Chehrical Phenomena of Iron Smeltbei An 
experimental and pi^ctkal examination of the dr- 
cumstomoeswfaidi determine the captdty of the Blast 
Furnace, The' Tcmperafnre of the «r^ and the 
proper condition of the Materials to be operated 
upon. By L Lowkidan BeU. &vOk doth« «•»**•«. — 

ROGERS. The Geology of Pennsylvania, A Govern- 
ment survey, with a general view of the Geology of 
the United States, Essays on the Coal Formation and 
its Fossils, and a description of the Oo«d Fields of 
North America and Great Britain. By Heni^y Dar« 
wio Rogers, late State ^eolceiet of PeMiavirana, 
Splendidly iltotrated with Plates and Kpgravmgs m 
the text.. 9 vols., 4tov cteth with Portfolio of Maps. 30 00 

BURdH. Modern Marine Engineering, , applied to 
Pa4dl2 and SpreW Propulsion* Consjstmg of 36 
zolored plates, 459 Pracücal Wood Cut lUustraoons, 
and 403 pages ot descriptive matter, the whole berag 
an exposiuon of tb^ present practice of James 
Watt Ä Co., t; Ä-G: Retmie, R. ^W'JV*'!*««» 
and otlier celettra«fc<l Wtns, by N. P. B*ftgn, Engt- 
neer, thidc 4to, vol., doth, $25.00; half mor...*.. .. 30 00 

CHURCH. NofceeOfaMetaflurgi»lJoumey£n Europe. 

By J. Ai Chttrchi En»n«ttr of Minea, Svo, dottu... . a 00 
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D. VAN NOSTBANirS PUBLICATIONS. 



applicpaons to Mines» Müla, Steam liIftvigatioD* 
Kailwajs, and AgyipuHwre, «with t^ >t)t«oreeiai) > m^ 
vestisiiioa« re^pvctii^ tbe M^ttte ^o<y«r«f Heit; 
and the proper pH9f>0ni9fa»ai s{9i9iXf^4»&Bitk. E)i^ 
rate table» of the r«ht x^yrSenfMf»« of eveity pftrt« «Od 
Practuü^ XqstrvQiiofia for t^^mfitmfaiäMrf And 4mai> - 
ag«if»eiKl ^eit^ry speciM of £ii|[Hie m iicttuil .use. 
By John Boui^e» pein« the nimk edition of "A 
Treatise on tjie Steam. ejt«i»>ie» by the /* Ajrtiaan 
Club.* , lUgiiuated by 38. plates a«d 546 w09dcuU;. 
4to, clotlj.r«*».*.*.. .. ..,.:..., .>.p •<••«*••.•< "^^s 00 

STUART '^ -SU ijival Dry Dock^.W th« tttttod 
Slates^ By i^ltMleti}. «tutrt kte^Sv^HMevrm-Vbiff 
of the.U» S.. HKTf. lUiMttsiteÜ juillk 24 «««nttfin«« 
on «teel , .Fourtb.editioo» dotb. ..»•.<..•«...«• k < 1^ . ^ 00 

ATKINSON« Fraqtioal .Treatises on tlje Qftjies, ip^t 

withii(Q)4Mi«si if^ojoV boards. ^.....^^••••'^^ ' SP 

FOSTER. Sqlpmanne Blastine Lot' Üofiion .Harbor. 
Massachusetts. Removal 0? Tow«? and Corwin 
RockW By' J. G. F<»|er, t^Mt-Cot of Bngin^erg. 
U. S.'Anny. Illustrated with seven plates, 4to, 
doth.. ;.';..:..;...'.......•,;;;. .-v.. •..»;.*/♦...'*. % 50 

BARNES^^binariii:^ W'arjare, oäensiv^ agd de&nsSve, 
induding a dis^ussfon of the offensive Torpedd Sysh 
tern, Us vSom upon 1««»<;M Ship^yP^s tfi4 m- 
fluenoe wp^ ftiture Xiaval. yim ^ i.i«iit-Cpin- 
mandcv J* S^BiiTp«», t|..S. Ä„ ^wtju twenty, litijo-. 
gtftphic plates and many w094 «««ts. &^^^ clQto.. .'> . . 5 oc 

HOLLE Y. A Tfeatisfi,on Ordnance and Armor, em- 
bracing deibriptions» discussions, add ^jroressibhai 
opinions concet-iiing the materials, &\mcktidn, re- 
quireofents, capabilides, and endurance of Etiropean 
and Jü^mcßM GwK», ibr ^val» S«s> Coast, and Iron 
Glad Warfare, and their Riflit«> JProj^ctfles,. ^ 
Breech- Loading ; also, results of experiments against 
armor,' tfom ömtA^X records» wich an acppcodix Kfer- 
ring to Gun Ceittön, > Hooped Guns, etc, etc By 
\lexander L. HxAlty, B. P., 948 pages, 403 engfav- 
ings, and 147 Tables of Results, etc, 8vo, half roan. 10 00 
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D. TAN KOSTBAKD'S I^BMCATIOKÄ. 



SIMMS. A Trealis« oft thfl l^rtfici^es aAd Pnujtk» o1 
Levdlin«; iihotring its ap^ieatiod to purposes of 
Railway^KtOKeHte and flM CotMtriMtiofi of lloads^ 
&c By tVed«rk:k W. Siimns, C S> Peom the jth» 
London editiortf-Mvitted *nd eon<eeosd, wkb the äddi^ 
tionofMr. Laii«^8 Prnifieat E»UBpl«t for setting 
out Rallivay CurVM. ilhiirtnaed withthi«« Utb»- 
graphic -plate« «fldMOMeroi» wood call. 9«*o, (k>th. .$t 90 

BURT, key to the Solar Compass, an4 Surveyor's . 
Companton; comprialt;ig all the rales necessary for 
use mthe field; also description bf the Linear Sur- 
veys and Public Land System of the United Slates,, 
Notes «ti th« Batttro«ter< tttgge«tion» f»r ftn «vt^t for 
a snrV«fy of Ibdr DMBfiIls,^Hc ^Bv W* A, Mt> U\ Sr 
Deputy dupmybife Second- «diCKM« Poekiet book 
form, tuck«««««««««**««««....»*«»«-^*««. «U. .;•••> i so 

THE PLANE 'fÄBLi, Its tt*6S b Ycpogftwjiaial . 
Surveying, from the Papers of the tJ. S. Coast Sur- 
vey. IniustMtcd,^, cMh» •••»•.. -i. «•'*.' ''•••••.•• * «o 

*' Tbli worit ^vM a desiiripUon of tl^ Tlaii« .'#kUe,r em|ioyeia At lb« 
U. 8. OoMt Sunrey ottoB, «fid tiM fe^mner or ötlhfe tl^' ' 

• - ' . .'.'.• ■ ■ .- K '. 

JEFFER'S. Nautical. Surveying,. By W. N, Jcffers^ 
Captain Jj, S. Navy. JUttStxated vith^ cpppciipl^tes . 
and 31 >vo<>a cu^ iliustrattons. 9v0) flpth* . ^». . . , . . « 5 00 

CHAUVEKKT. |feMBi«thod<^eo«M«tiiMrLiMarI)i»- 
tances, and hn0roy«draeAiodK>f Fiitdim tlle'^rror 
and rate of a enronometeri, ey equal oMtudies« '• By 
W. Chauvenet, LL.D. »v<s««th. >»♦..; »».,. • 00 

BRUNNOW. Sp^ricai Astronomy. Öy F. truAow» 
Ph. Dr. Tnmalated by the author from the secofid 
German edition. 8vö, doth.^ 650 

PEIRCE. 'I^yttem of Asiaaytie Me<ihank«. By Beno 

jamin Pleirce. 410, «otli.. ..-.....• .,....'.. 1000 

COFFIN^ Navisattim and Nautical Astronomy. Prer 

fared fbr th» use ef the V. H. NaiTal Academy. By 
rof. J. &(m CcAa« Fift^ edition. 50 wood cut illus- 
mtiooBk lamOt doth ••••«•.,•••••. .••.•»•.«*•..•• 3 5^ 
NOBLE (W. H.) Useful Tables. Compiled by W. H. 
Noble, M. A., Captain Royal Artillery. Pocket 
form,doth 5® 
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D. TAN NOVTBAHD'S F1IBIiICATZON& 



CLARK. TiMorHitia NanguaoA ^nd Naittioal Asiroii- 
omv. By Li«ut JUftrit 4Jl«tk, U« S.X iUostrated 
with 41 wood cuts, 8to» dolh. :..«..• $30« 

HASKINS. The Galviunometer and its Uics. A Man- 
ual for £l«ptriciao4 and Students. By C H. Haa- 
kins* z smo, ppcket form, morocco. . .•.■4><. :..... a so 

MORRIS (E.) Easy Rules for the Measurapaot of 
Earthworks, by Means of the Prismoidal Formula. 
By Ellwood Horns, G. E. jß illustrations. 8vo, 
cloth • , X 50 

BECK WITH. Observations on the Materials and 
ManutaeCttreafTerra»Obttä, Stooe Ware, Fir« Drick, 
PorceiatQ and Encaustic Tflei» with reanarkai on the 
products exhibited at the London lYitemational Bxhi' 
bition, X87T. By Arthnr Beekwfth, €. E. Pro» 
paper.... ...*....;.....•*. %.»,• **.... 60 

MORFIT. A Practical Treatise on Pars FeniUzers» and 
the chemical conversipnof Rock Guano, Marlstones. 
Coprolites. and the Gmde Phosphates of Lime and 
Alumina geoeraOj, into various valuable products. 
By CaaspbsU Mortt, M.D., with s8 illustrative plates, 
8vo, doth. ••«.«•.. ^. •.••.».. so 00 

BARNARD. Tne Metric System of Weights and 
Measures. An address delivered before the convoca- 
tion of the University of tb« State of New York, at 
Albany. Auanst^iS7i. B!y F. A P. Barnard, LL.D., 
Presi<tent of Columbia CoUi««, New York. Second 
edition from the revised edition, printed fqr the Trus- 
tees of Columbia College. Tinted paper, ftvo, doüi 3 00 

■ Report on Machinery and Processed on the In* 

dustrial Ans and Apparatus of thn Exact Sdenees. 
By F. A P. BafoarcC hbJD, Pam- Untvanal Eft» 
position, z867> Illustrated, Svo^-doth. •....«« •••»«•• $00 

ALLAN. Theory of Ardies. Bf Prot W. ABaiL ibi** 

merly of Washington A: Lee University* ttoio, Vide 50 

ALLAN (Prof W.) Strmth of Beams under Trans- 
verse Loads. By Prof. W. Allan, author of " Theory 
of A rches. *' With illustrations. i8mo, boards 50 
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!)• YAK KOBTRAND*B FUBUCATXOKS. 



M YER. Manual jo£ Sisnala, fiy 4i« me of Sinai officers 
in the Fkid, andfcr Military and Naval Stodeats, 
Military Schools, etc A ne«r edition enlarged and 
illustrated By Bris; General Albert J. Myer, Chief 
Signal ORicer of the army, CoUm»«! of the Sijbal 
Corpaddriiig dioWarof the Rebellieo. lemo, 48 
plates, iiill Roao «.«« » •9...t..r.. $5 00 

WILLIAMSON. Practical Tables in Meteorology and 
Hypsotnetry, in connection with the use of the Bar" 
ometer. By Col. R. S. Williamson, XT. S. A. 4to, 
cloth « «« a 50 

CLEVENGBR. A Trstttiae on the Method of Govern* 
raent Surveyiog^aspnBScribed by the U. S. Congress 
and Cetmiawoner ^f the General Land Offiite» with 
complete Mathetiaticaly Astroaomioal and Practical 
Instructions for the Use of the United States Sur- 
veyors in the Field. By S. R. Oevenger, Pocket 
Book Form, Morocco * a 50 

PICKERT AND METCALF. The Art of Graioinff. 
How Acquired aa^ How ProduGe<^ with desctiption 
of colors, and theur impUcation. By Charles Pickert 
and Abraham Metcalt Beautifiilly illustrated with 
43 tinted plates of the various woods qsed in interior 
anishing. Tinted paper, 4to, doth xo 00 

HUNT. Desigps for the Gateways of the Southern En- 
/ trances to the Qentral Park. By Richard M. Hunt 

With a description of Che designs. 4to. cloth 5 00 

LAZELLE. One Law in Nature. By Capt. H. H. 
Laxelle, U. S A. A new Gorposcular Theory, com- 
prehending Unity of Foccc^ Identity of Matter, and 
Its Mnltiple Atom Qoaetitntion, applied to the Physi- 
cal AffKtiooa or Modes of Energy, tamo» cloth. . . z 50 

CORFISLD. Water and Water Supply. By W. H 
Corfield. M» A. M, D.« Praiessor ot Hygiene and 
Public Health at University College. London. i8mo, 
boards jo 
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O« TAH VKaiTB^Xffi SVBUGATKXSIS, 



BOYNTOK. 'Wmm cf Wfltt J>0H|^4tt aiüitaisrlm- 
. porttince during^ ue :AinnikBin RM<^utioii« apd the 
Origin 1^ Histcmr a£ tfa« U« £. Military Acaukmy. 
By firt mjot Q. Si Böyntön^ A4»L , A#iUknt of the 
Military Aiatättof^ flecöhd ^dilma| 416 pp^ 8vo, 
printed on tinted paper, beaotifulljr illustrated with 
36 maps .ii&4 ^ «agnmaa^ cbm^k ün>m jid^oto- 

ot by " " 



graphs 
clMh.. 



taken on the spot by tfaft wÄthar, £xtra 



«3*» 



WOOD. West Point Sqrap Boole, belnsa collection ot 
Legends, Stories. Songs, etc-, of the iJ. S*. Military 
Aeademy; ByJUmt Q. S. Wood« U. S.A. Ulus- 
tratcd by 69 engiÄvis^ and a copper^ate inap. 
BeantiftüJy panted oa twtf d p^per. 8vo, ^Iqth 5 00 

WEST rOIKT tirfi. A P6em rewl before d» Dift. 
lectic Society of the tJoited ^atea Jnliiary Acadeaoy. 
Illustrated with Pen-and-ttik 81«etches. Bjpa^.'adet. 
To which is added the song« *' Benny Harvites» oh i" 
oblong Svoi, at fuD pag6 illustrations, dMftL. 



^^* » #••« • • 



a 50 



GUIDE TO WEST POINT and the US. Military 
Acadetny, w4th map« and'engr^nA iSmp^ blue 
doth], flexible • '..'.. i 00 

HENRY. Military Record o£ Civilian Appointment» in 
the UoitAd States Army. By G<^ V. ileniy, Brevet 
Colonel and Captain First United States Artillery, 
Lata Colonel and Brevet Brigadier Gener^ United 
StaAe» Vdunteer» Vol x trow ready. Vol a in 
prass. 6vO| per volume, cloth • 500 

HAMERSLY. . Records of Livmg Offieers of the V, 
S. Navy and Marine Corps. Oempiicd iean oi(&^al 
aonrces. By Lewis B. Kamexriy, late Lieutenaat 
U. S. Marine Corps. Revised ^edxion» dvo, dollu - . 5 00 

MOORE.« Portrait GaUery of tin War^ Civfl. Militarv 
and Naval. A Biographk^l record, edited by Frank 
Moore, te fine portxBit« on steel. Royal ^vo, 
cloth • •••••..«•..* ••••••.••... 6 00 
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D TAN KOSTBAKD'S FUBXJCATIOKS. 



PRESCOTT. Oütlnies df PrOoanifttB OtfioiK Analytb, . 
for the IdentificatkMi, Separodan, ind Qiuisitw^v« 
Detennmatioa of the Acre commonly 4)ecufriiifi; Or. 
ganic Gompoonds. Bf Alber| B, I^esODtt, I^fenor 
of Chemittay, Uoi^enitjr of Miefaigai^ kjukvcIqU). . • i 75 

PRESCOTT. Ohemioil Siamiaation of Alcoholic U- 

Suors- A Mftttoal of the CoDatatuMits of th« I>istiUed 
pints and Fennented Liquors of Commerce, and 
their Qualitative and Quantitative Determinations. 
By Aloert B. Prescotti lamo, clodi.«» ; •• 150 

NAQUBT. te^ Chemärtnr. A Guide to the De- 
tection of Poisons, Falsification of Writings} Adiil« 
teration of Alimentarv and PharmaeeiitiaU Snbstaa* 
ces; Analysis of Ashes, and exaimnatioQ of Hair, 
Coins» An» and Smins, as applied to Chemical Ju- 
rispradtfnca, for the Vse. of C.hemi$ts, Physicians, 
Lawyers» Pnasnadsta and Experts Translated with 
additions, indwding a list of books and Memoirs on 
Tezicology) etc. from the French of A. lYaquet By 
J. P. ^tershall, Ph. D. «nth a prdkca by C. F* 
Chandler, Ph. IX» M. D^,L. U D. lamo» doth.*., a 00 

McCULLOCH. E^ioenUry Treatise on the Mechan- 
ical Theory of H^t. and its atmlfcatioM to Air aad 
Steam Engines. By R. S« McCiuloch, Svo, doth. . . . — — 

AXON. The Mechanics Friefid: a Collection of Re- 
ceipts and Practical Suggestions Relating to Aqfl»- 
ria — Bronzing— Cements--L>rawitig — Dyes— ^ Electro 
dty-4}ilding«*Ohus Worfcing— ulues— HotoImot— 
Lacquers-^LooQiiiotrr^s— Magnetism— Metal- Wc^- 
in^--ModeUii9«< Photognphy-->-Pynotechy^Railway8 
•—Solders— ateam £agitie>~Tdegraphy^Tax{denny 
— Varnishes — Water-Proofing and MiscellÄneous 
TooIs,*-In8trümems, Machinet 4»nd Procesr*« 00m' 
nected with the Chemical and ¥ediftnifis Arls; with 
numerous diagrams and wood cut^ Edited by WiV< 
:iam E. A. Axon. Fancydoth ...,r... 150 
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D. TAH 2T08TBAND S PUBLICATIONS. 



SRNST. Manual ofPractical Military Enffinaerinfl;, Pre 
pared for the use of the Cadets or the 17 . S. Milita^ 
Academy, and for Engineer Troops. By Capt. O. H. 
Ernst, Corps of Engineers, Instructor in rractical 
Military Engineering, U. S. Military Academy. 19a 
wood cuts and 3 lithographed plates, xamo, doth.. 5 00 

BUTLER. Projectiles and Rifled Gannon. A Critical 
Discussion of the Principal Systems of Rifling and 
Projectiles, with Practical Susxestions for their Im- 
provement as embraced in a Report to the Chief of 
Ordnance, U. S. A. By Capt. John S. Butler, Ord- 
nance Coips, U* H. A. 36 plates, 4to, cloth 7 so 

BLAKE. Report upon the Precious Metals : Being Sta- 
tistical Notices of the principal Gold and Silver pro- 
ducing regions of the World, Represented at the 
Paris universal Exposition. By William P. Blake, 
Commissioner from the State of California. 8vo, dotn a 00 

• 

TONER. Dictionary of Elevations and Climatic Regis- 
ter of the United States. Contaming in addition to 
Elevations, the Latitude^ Mean, Annual Temperature, 
and the total Annual Ram Ml of many localities; with 
a brief introduction on the Orographic and Physical 
Peculiarities of North America, oy J. M. Toner, 
M. D. 8vo, cloth 375 

MOWBRAY. Tri-Nitro Glycerine^ as applied in the 
Hoosac Tunnel, and to submarine Blasting^, Torpe- 
does, Quarryinff, etc. Being the result of six year's 
observation and practice durins; the manufacture of 
five hundred thousand pounds of this explosive Mica, 
Blasting Powder, Dynamites ; with an account of the 
various Systems of Blasting by Electridty, Priming 
Compounds, Exidosives, etc., etc. By Geoige Bi. 
Mowbray, Operative Chemist, with thirteen illustra- 
tions, tables and appendix. Third Edition. Re- 
written. 8vo.doth 300 
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